Interaction of a surface acoustic wave with a two-dimensional electron gas 
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When a surface acoustic wave propagates on the surface of a GaAs semiconductor, coupling be- 
tween electrons in the two-dimensional electron gas beneath the interface and the elastic host crystal 
through piezoelectric interaction will attenuate the SAW. The coupling coefficient is calculated for 
the SAW propagating along an arbitrary direction, ft is found that the coupling strength is largely 
dependent on the propagating direction. When the SAW propagates along the [Oil] direction, the 
coupling becomes quite weak. 
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I. INTRODUCTION 

Experiments which include coupling of surface acous- 
tic waves (SAW's) with electrons in a two dimensional 
electron gas (2DEG) have intrigued great interest in 
these years. SAW experiments that have been carried 
out in the fractional quantum Hall regime near a fill- 
ing factor v = 1/2, strongly support the composite 
fermion approach to the compressible state at v = l/3i. 
In quantum Hall systems the formation of modulated 
electron structures can occur at half-filled high Landau 
levels. These new phases was predicted theoretically 
and confirmed experimentally by observation of a strong 
anisotropy of the conductivity. The piezoelectric cou- 
pling is considered as the origin of the orientation of 
stripes or electron crystal 2 *^. 

On the other hand, SAW has also been demonstrated 
as another method of creating electron wires in 2DEG 4,5 . 
This method involves an intense SAW in a hybrid struc- 
ture containing a semiconductor quantum-well and a 
strongly piezoelectric coupling host crystal. In the ex- 
periments a homogeneous 2DEG in the hybrid structure 
turns into moving electron wires due to a very strong 
piezoelectric potential induced by a SAW. This effect 
has been demonstrated in the above mentioned exper- 
iments for the classical regime of acoustic-electric inter- 
action at room-temperature. For low temperatures and 
a sufficiently strong piezoelectric potential of a SAW, the 
electron spectrum of wires can be quantized in the direc- 
tion of the SAW momentum^. 

It is well-known that the propagation of acoustic wave 
on the surface of piezoelectric crystals can be effected 
by nearby conductor A In a heterostructure where a 2- 
dimensional electron gas forms beneath the interface, the 
interaction of the electron gas with the SAW's will the 
attenuate the propagation with a velocity shift Sv and 
the attenuation coefficient k, which satisfy the relation 9 
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where a xx (q,uj) is the longitudinal conductivity of the 
adjoining medium at wave vector q and frequency u> = vq. 
The coefficients and cv 2 /2 depend on material parameters 



which will be discussed in this work. 

Unlike conductivity measurements in which a current 
is driven through the 2DEG and the voltage is measured, 
where only the conductivity at zero wave vector can be 
probed, SAW measurements allow one to probe the finite 
wave vector conductivity^. In earlier SAW experiments, 
the wavelength of the SAW was much larger than the 
distance d of the 2DEG from the surface. In this case, the 
depth can be neglected, and the coefficients a m and a 2 /2 
can be assumed to be constant. When the wavelength is 
comparable to the distance d, one should be ware of the 
wave- vector dependence of the coefficientsiSaii. Roughly 
one might expect that the coupling cv 2 /2 should decay 
approximately as e~ 2qd . 

In this work, we use a model which takes into account 
the anisotropy of the elastic constants of the crystalline 
matrix. The physical properties of the GaAs system are 
described by three elastic constants en, C12, and C44, one 
piezoelectric modulus ei4, and the dielectric constant e. 
We study the propagation of SAW along an arbitrary di- 
rection with and without piezoelectric coupling where the 
2DEG is located a distance d below the surface, as shown 
in Fig.l. In Sec. II we describe the transport of the SAW 
and in Sec. Ill introduce the energy shift by piezoelec- 
tric coupling. The coupling coefficient of the SAW with 
2DEG is calculated in Sec. IV. A brief discussion is given 
in Sec. V. 



II. TRANSPORT OF THE SAW 

Consider an infinite piezoelectric medium. We study 
the elastic wave movement by defining a displacement 
vector Uk- The elastic stress tensor satisfies Ty = 
Cijkiuu - e k ijE k , where u u = \{d k ui + diu k ) and E 
is electric field vector—. Cijki is the elastic modulus 
which in cubic symmetry crystals have only three in- 
dependent parameters Cn, C12, and C44. For GaAs at 
low temperatures, these elastic constants are measured 
as 12.26 x 10 10 , 5.71 x 10 10 , and 6.00 x 10 10 N/m 2 , re- 
spectively, ekij is the piezoelectric stress tensor which 
has only one nonzero component ei4 in GaAs and AlAs 
crystals. It has an accepted value of approximately 
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0.15 C/m 2 for GaAs. The electric displacement vector 
Dj = ejkiUki +eEj by taking account of the piezoelectric 
coupling. Here e is the dielectric constant of the medium 
which is assumed to be isotropic. The elastic wave equa- 
tion is given by 



CijkididjUk + e k ijdjd k (i) = pd 2 Ui 
ejkidid-jUk - eV 2 </> = 0, 



(2) 



where p is the mass density. For GaAs crystal, p = 5300 
kg/m 3 . 

We first consider a SAW propagates on a free surface by 
disregarding of the piezoelectric coupling, i.e., the crystal 
is non-piezoelectric. The boundary condition in the z 
direction is 



Tzk — c zklmdlU m \ z=0 — 0. 



(3) 



A surface acoustic wave is propagating along an arbi- 
trary direction with an azimuth angle 9 to the x axis. 
The plane wave solution has the following form 



H = uoiexp[—iu!t + iq ■ r + iq z z\ 



(4) 



where q = (q x , q y ) is the wave vector in the X — Y plane 
and q z is vector in the z direction. Substitute formula 
into the first line of Eqs.J2J) by omitting the piezoelectric 
coupling term, one obtains 



[cijkiqiqj - poJ 2 5 ik }uok = 0. 



(5) 



For surface acoustic waves, q z should be a complex quan- 
tity which implies the wave decay exponentially into the 

(n) 

bulk. The eigenvalues of the wave vectors q z and the re- 
spective eigen solutions (n — 1, 2, 3) are determined 
by Eq.JSJ ■ To satisfy the boundary condition ©, a lin- 
ear combination of the eigen solutions should be taken 
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From the above equation, the velocity of the SAW and 
relevant coefficients of C(n) are computed. Figure 2 dis- 
plays a non-monotonous relation of v s with the propaga- 
tion direction in a GaAs crystal. The velocity v s reaches 
a peak when the SAW transports along the direction of 
9 ~ 25° while at 9 = 45° it falls to a minimum. 



III. INTERACTION-INDUCED ENERGY SHIFT 

Due to the piezoelectric coupling, an external scalar 
potential (j) ext = Ae^F \qd) / 'e is induced in the 2DEG, 
where A is the amplitude of the SAW and F is a dimen- 
sionless function of qd that represents the fact that the 
SAW decays into the bulk of the crystal. The induced en- 
ergy density per unit area due to this external potential 
is given by^ 
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where e e / / is the effective background dielectric constant 
which is wave- vector-dependent with the form 



effh = 



1 r (f + 1) exp(gd) 

2 ecosh(qd) + sinh^d) 



(8) 



We want to measure this energy shift with respect to the 
shift for er Tr — > oo. 



AU = 5U - SU{a x 
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It is found below that the surface acoustic wave has 
an energy density proportional to A 2 q 2 . Furthermore, 
the wave decays exponentially into the bulk with a decay 
constant proportional to q. Thus, when integrated in the 
z direction, the energy U per unit surface area is given 
by 



U = qA 2 H, 



(10) 



where H is a factor that depends on material parame- 
ters and is determined by calculating the energy density 
induced by SAW. 

Combined above results, the fractional energy shift is 
then given by 
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where the coefficient a 2 /2 in Eq.Q) is derived as 
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IV. PIEZOELECTRIC COUPLING WITH 2DEG 

Since the piezoelectric coupling en is small, it is seen 
from the second equation of Eqs.|0) that <f> is of order 
ei4 smaller than u. Thus the first equation will be solved 
by the non-piezoelectric solution discussed above with 
corrections only at order ef 4 . The mechanical boundary 
conditions in the piezoelectric case are 

CizkidiUk + e ik zd k <P = 0. (13) 

The electrical boundary condition for the second equa- 
tion of Eqs.J2J is determined by setting the potential to 
be continuous at z = 0, 



e z kidiu k - ed z 4>\z=o- 
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(14) 



The piezoelectric case for is solved by make use of the 
non-piezoelectric solution for displacement u in Section 
II. The supposed form of solution is 

= £li e l (q- r -^)[^(l) e ^ 1)z +A(2)e^ 2)2 -(-A(3)e l<? ' 3)2 +A(4)e <zz 

(15) 
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Substitute the above solution and formula © into Eq.J2J, 
one gets 
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and 



A(A) 



■ \—jyeA{n)q^ - qA(n) (17) 



'-{q x C(n)u$ +q y C{n)u$% 



where A(l) = — A{2)* and ^4(3), A{A) are pure imaginary. 
The explicit form of the potential solution is then 



l -^l± [2Im{ A(l)e^ } n 



(18) 



+ImA{i)e lq - z + ImA{A)e qz ]e 
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Figure 3 shows the dependence of the coupling coeffi- 
cient a 2 / 2 on the orientation angle that the SAW prop- 
agates in a GaAs crystal. They are exponentially decay 
into the bulk of the sample, as we had expected. How- 
ever, For different transport angles, the coefficients dif- 
fer largely. They also exhibit a non-monotonous relation 
with the angle. For example, near the region of 9 ~ 25°, 
the coefficient reach the maximum while when the SAW 
transport along the direction of 9 = 45°, the coupling 
between the 2DEG and the SAW becomes quite weak. 



V. DISCUSSIONS 

We have study the interaction of SAW with the 2DEG 
by introducing the piezoelectric coupling, ft is found 
the the coupling is most strong when the SAW trans- 
port along the direction of 9 ~ 25° while it reaches a 
minimum when transport along the 9 = 45° direction. 
This result is very helpful for experimentalist when de- 
signing devices for different purposes of SAW transport 
on piezoelectric crystals. 



Thus we obtain the dimensionless function F in formula 
(THSl) as 
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Figure Captions 

Figure 1 A Schematic description of the sample on 
which the SAW transports. The 2DEG is located a dis- 
tance d beneath the surface. 

Figure 2 The velocity of the SAW versus the transport 
direction without piezoelectric coupling. 

Figure 3 Piezoelectric coupling coefficient of the SAW 
with 2DEG under various transport directions. As the 
transport angle increases, the coupling constant experi- 
ences first a rise and then a fall process. At 9 = 45°, the 
coupling becomes quite weak. 
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